In subunit vaccines, strong CD8 + T-cell responses are desired, yet they are elusive at reasonable adjuvant doses. We show that targeting adjuvant to the lymph node (LN) via ultrasmall polymeric nanoparticles (NPs), which rapidly drain to the LN after intradermal injection, greatly enhances adjuvant efficacy at low doses. Coupling CpG-B or CpG-C oligonucleotides to NPs led to better dual-targeting of adjuvant and antigen (codelivered on separate NPs) in cross-presenting dendritic cells compared with free adjuvant. This led to enhanced dendritic cell maturation and T helper 1 (Th1)-cytokine secretion, in turn driving stronger effector CD8 + T-cell activation with enhanced cytolytic profiles and, importantly, more powerful memory recall. With only 4 μg CpG, NP-CpG-B could substantially protect mice from syngeneic tumor challenge, even after 4 mo of vaccination, compared with free CpG-B. Together, these results show that nanocarriers can enhance vaccine efficacy at a low adjuvant dose for inducing potent and long-lived cellular immunity. M ost current subunit vaccines base their success on driving durable antibody responses that prevent pathogen infections. However, therapeutic vaccines against cancer as well as chronic infections must elicit the activation of cytotoxic T lymphocytes (CTLs) to eliminate infected or malignant cells. Induction of long-lasting CTLs with subunit vaccines requires, first, delivery of antigen to cross-presenting dendritic cells (DCs) and, second, potent activation of these DCs by the vaccine adjuvant, which instructs DCs how to activate T cells. Nanocarriers can be used to modulate the immune response induced by antigens and adjuvants by modifying their characteristics, such as stability, tissue and cell targeting, and DC-activating capacity (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . We have previously described the targeting benefits of conjugating antigens to ultrasmall Pluronic-stabilized poly(propylene sulfide) (PPS) nanoparticles (NPs) in terms of CD8 + T-cell and Th1 responses (13, 14) . The hydrophobic PPS core is hydrolytically stable, allowing wet storage, yet is oxidized to products that are soluble in vivo (15, 16) . The Pluronic stabilizing agent [a block copolymer of poly(ethylene glycol) and poly(propylene glycol), produced by BASF] results in a corona of poly(ethylene glycol), which prevents aggregation before and after antigen or adjuvant conjugation. The ∼25-30-nm ultrasmall size allows efficient delivery to and accumulation within the draining lymph node (LN) (17) . Finally, we have demonstrated the advantages of antigen conjugation to the NP surface via a disulfide bond, which can be reversibly cleaved within the reductive environment within the endosomal compartment of DCs, leading to more efficient crosspresentation than when antigen is irreversibly conjugated to the NP surface (15, 18) . Here, we explore conjugation of adjuvant to the NP surface, focusing on CpG oligonucleotides, with the objective of delivering both antigen and adjuvant into the same LNresident DCs, with the concept that even if the antigen and adjuvant are on separate particles (a distinct formulation advantage), the two payloads are targeted to the same cells because their carriers have the same size and clearance characteristics.
Strong adjuvants, such as Toll-like receptor (TLR) agonists, are required for subunit vaccine formulations to drive effective immune responses, as they instruct DCs how to activate cognate T cells. CpG, a TLR-9 agonist, has been shown both in preclinical and clinical studies to promote Th1-responses (19) . Three main types of CpGs have been described: the multimeric CpG-A (or D-type) stimulates plasmacytoid DCs to secrete IFN-α; CpG-B (or K-type) induces B cells and DCs to mature and secrete cytokines such as IL-12p70, IL-6, and TNF-α; and CpG-C has the ability to induce both CpG-A and CpG-B types of responses. In turn, IFN-α secretion from plasmacytoid DCs promotes natural killer T cells (20) , CD8
+ T-cell activation and cytotoxicity (21) , and maturation of conventional DCs. Secretion of IL-12p70 induces Th1 and CTL responses, IL-6 leads to maturation of B cells and induces Th17 responses, and TNF-α stimulates DC maturation and T-cell activation (22) (23) (24) .
In addition to these different activities, the three forms of CpG have different sizes, which could strongly affect their transport on interstitial injection (1) and distribution within the LN (25) , which could account for some of their in vivo differences. We and others have previously shown that antigen size affects LN targeting and ultimate immune response after intradermal injection, which can be optimized by coupling peptides or proteins to ultrasmall (∼25-50 nm) polymeric NPs (26) . CpG-A naturally forms multimeric structures of ∼20-100 nm at physiological pH and temperature (27) , but CpG-B and CpG-C do not. We hypothesize that conjugation of CpG-B and CpG-C to
Significance
High adjuvant doses are generally required to induce strong CD8 + T-cell immunity with subunit vaccines. Here we codeliver an antigen and an adjuvant coupled on separate ultrasmall polymeric nanoparticles. Because both payloads are attached to similarly sized nanoparticles, and as size is the principle determinant of nanoparticle drainage, this enhanced the dual uptake of antigen and adjuvant by cross-presenting dendritic cells resident in the draining lymph nodes. This cotargeting induced potent effector CD8
+ T cells and a more powerful memory recall of these cytotoxic T cells compared with nanoparticle-conjugated antigen with free adjuvant. As such, nanoparticle conjugation enhanced the immunogenicity of adjuvants while maintaining a low dose, and thus limiting toxicity, affecting the design of future subunit vaccine formulations.
NPs could increase their immunogenic potential, while allowing a minimal dose, by targeting both the adjuvant and antigen to the same LN-resident DCs.
We conjugated CpG-B and CpG-C to NPs via a reducible bond and designated the NP-conjugates as NP-CpG-B and NPCpG-C, respectively. CpG-A was not conjugated, as it naturally forms a multimeric structure of similar size as our NPs (27) . We administered NP-CpG-B and NP-CpG-C in conjunction with ovalbumin-conjugated NPs (NP-OVA) intradermally in the footpads in mice. Adjuvant conjugated NPs enhanced uptake of antigen by DCs and activation of cross-presenting DCs and led to the induction of potent effector and memory antigen-specific T cells. By conjugating CpG-B to NPs, we induced a more potent cellular response at an early time, characterized by increased degranulation and secretion of IFN-γ by CD8
+ T cells and enhanced proportion of multifunctional CD4 + T cells, even at a low dose of 4 μg. At a later time, conjugation of CpG-B and CpG-C enhanced the clonal expansion of antigen-specific memory CD8 + T cells and differentially enhanced their cytotoxic abilities. Mice immunized with either conjugated CpG variants were able to control an IFN-γ-sensitive tumor challenge (E.G7-OVA, a tyhmoma line), but NP-CpG-B was superior at dampening the growth of a more aggressive tumor (B16-F10-OVA, a melanoma line).
Results
Reducible Conjugation of 5′-End Modified CpG to NPs. We first modified CpG-B and CpG-C with a reactive thiophosphate group, allowing coupling to our previously developed pyridyl-cysteamine functionalized NPs (16) . This reaction occurs through a disulfide exchange between the functionalized NP and the thiophosphate terminal group of CpG (Fig. S1A) . The covalent bond can be reduced, by mimicking the reducing environment of the endosomal compartment of the cell, with 2-mercaptoethanol (Fig. S1B) .
NP-CpG Induces Increased Activation of Dendritic Cells. To determine the direct activity of NP-conjugated CpG on DCs, we first evaluated our formulations in vitro. Although we observed increasing CD86 expression on DCs with increasing doses of each CpG, levels were enhanced by NP-coupled formulations ( Fig. 1 A-C) . Similarly, the proportion of mature DCs (CD86 + MHC-II + ) was enhanced after stimulation with NP-conjugated compared with free CpG-B (Fig. 1B) . The response to NP-CpG-B induced significantly higher levels of IL-12p70 secretion by DCs than did free CpG-B, whereas the response to NP-CpG-C was similar to that of free CpG-C (Fig. 1D) .
Enhancement of immune potentiation properties as a result of NP conjugation of CpG-B were also observed in vivo. Indeed, NPCpG-B coinjected with NP-OVA more potently activated crosspresenting (CD11c (28) in the draining LNs than did free CpG-B ( Fig. 1 E and F) . Importantly, at least one mechanism for this enhanced in vivo efficacy of NP-CpG was improved, cotargeting with NP-OVA to the same LN-resident DCs (Fig. 1G) . Although we observed an increase in activation of DCs by our NP-conjugated formulation, this did not lead to an increase in blood levels of the inflammatory cytokine TNF-α, leading to only minor elevations in IL-12p70 and IL-6 ( 
CD4
+ T cells capable of secreting both IFN-γ + and TNF-α + (Fig.  2B) , reflecting potent CTL help (29) . In accordance with this, only NP-CpG-B could significantly induce cytotoxic (IFN-γ + ) and degranulating (CD107a
+ T-cell responses ( Fig. 2 C and D) , including 5.6 ± 1.6% of CD8 + T cells that were double-positive compared with 2.1 ± 0.3% induced by free CpG-B (Fig. 2E) . In contrast, free CpG-B induced weaker but detectable effector CD8 + T cells, whereas the same doses of CpG-A, CpG-C, or NP-CpG-C could not induce CTL responses in vivo. Moreover, the total amount of IFN-γ secretion on splenocyte restimulation was increased 6.5-fold in mice vaccinated with NP-CpG-B compared with about a twofold increase in mice vaccinated with free CpG-B (Fig. 2F ).
Effector CD8
+ T Cells Induced By NP-Conjugated CpG-B Are Able to Efficiently Kill Target Tumor Cells. In addition to inducing effector phenotypes in CD8 + T cells, these cells must recognize and kill their antigen-bearing target cell to be effective. To determine the functionality of CTLs induced by our vaccine formulations, we challenged vaccinated mice with E.G7-OVA tumor cells (Fig. 3A) . Consistent with the previous data, we found significantly delayed tumor onset in mice vaccinated with NP-CpG-B compared with free CpG-B (Fig. 3B ) and longer tumor-free survival (Fig. 3C ). This correlated with much higher levels of antigen-specific (SIINFEKL-MHC-I-pentamer + , the peptide sequence SIINFEKL being the MHC-I epitope of OVA) CD8 + T cells at day 13 after tumor inoculation. This difference had diminished by 21 d (Fig. 3D) .
Conjugation of CpG-B and CpG-C to NPs Enhances Recall of Memory CD8
+ T Cells. One of the features expected by a prophylactic cellular immunity-inducing vaccine is induction of memory T cells that can be clonally expanded on recall (30) . We first primed and boosted mice with our formulations to generate a pool of functional memory CTLs (14) . Two months later, we evaluated the activation of these memory CTLs in the spleen (Fig. 4 A-C) and found that both NP-CpG-C and NP-CpG-B were equally capable of expanding and inducing cytotoxicity in memory CD8
+ T cells, more so than their free CpG counterparts. Free CpG-C induced fourfold more IFN-γ + CD107a + CD8 + T cells than did NP-OVA alone, whereas for free CpG-A and CpG-B, the percentage of double-positive cells was equal or double, respectively (Fig. 4B) . However, this CD8
+ memory recall was more than doubled by NP coupling of either CpG-B or CpG-C (Fig. 4B) , correlating with increased amounts of IFN-γ secreted on restimulation (Fig. 4 C and D) . In addition to systemic activation in the spleen, NP-CpG-B also drove higher IFN-γ secretion locally in the skin-draining LN on recall compared with free CpG-B after ex vivo restimulation (Fig. 4 E-G) .
Memory Recall by NP-CpG-B and NP-CpG-C Delays Tumor Onset and Confers Enhanced Protection to Tumor Challenges. To determine whether NP-coupled CpG was more effective at recalling memory than free CpG, we challenged mice with E.G7-OVA or the more aggressive B16-F10-OVA tumors 4-6 mo after vaccination with free CpG-B and NP-OVA and 5 d after memory cells were recalled with various formulations (Fig. 5A) . In E.G7-OVAbearing mice, all recall formulations except free CpG-C drove complete protection against tumor challenge (Fig. 5B) , even though similarly high numbers of SIINFEKL-MHC-I pentamer
+ T cells were detected systemically with all formulations (Fig. 5C ). In the more aggressive B16-F10 model, the advantage of NP-CpG in recalling memory 6 mo after vaccination (Fig. 5A ) was more evident in delaying tumor onset and improving survival (Fig. 5D ). Tumor growth in mice that received NP-OVA only for memory recall was not delayed compared with naive controls and the no-memory recall, whereas tumor growth was slightly impaired in mice receiving NP-OVA together with CpG-B, CpG-C, or NP-CpG-C. Notably, NP-CpG-B was the only adjuvant formulation capable of killing B16-F10-OVA tumors and prolonging survival (Fig. 5E ).
Discussion
The development of potent, yet safe, subunit vaccines that promote effector as well as memory CD8 + and Th1 responses remains of great importance. At this time, one of the main foci of vaccine research is the use of novel adjuvant formulations based on TLR agonists to enhance adaptive immunity through the activation of DCs (31, 32) . CpG oligonucleotides have been shown to enhance Th1 immune responses, and formulations containing them are under investigation as adjuvants for vaccines against certain types of cancer, as well as infectious diseases (19) . The different CpG types are used in clinical trials with different goals, with CpG-C being mostly used for prophylactic vaccines, CpG-A for treating certain diseases such as asthma, and CpG-B used in both therapeutic and prophylactic applications (19) . In this study, we describe the enhancement of adjuvanticity of CpG-B and CpG-C sequences through conjugation, in a reducible manner, to ultrasmall Pluronic-stabilized PPS NPs. Conjugation of CpG-B to NPs enhanced activation of DCs and promoted a cytolytic phenotype of effector and memory CD8 + T cells, resulting in protection against syngeneic tumor challenges. In contrast, NP-CpG-C induced maturation of DCs, but not an elevated secretion of IL-12p70 and a weakened promotion of early effector CD8 + T cells. However, NP-CpG-C was still a potent inducer of clonal expansion of memory CD8 + T cells. As described earlier, our NP-CpG-B formulation induced enhanced maturation and up-regulation of costimulatory molecules on the surface of DCs in vitro and in vivo. Importantly, upregulation of CD80 and CD86 was observed on LN CD11b − DCs, which are known to preferentially cross-present antigens and induce Th1 responses (28) (Fig. 1 A-C, E, and F) . At the same time, we could detect the secretion of IL-12p70 in vitro by DCs on stimulation, and for CpG-B, it was enhanced by conjugation to NPs, suggesting a higher potential to stimulate Th1 and CD8 + T cells (Fig. 1D) . Moreover, we observed that the proportion of adjuvant-positive DCs that were also positive for the antigen was significantly enhanced by NP-CpG-B (Fig. 1G) . Together, these results indicate that CpG-B conjugation to NPs led to a higher frequency of activated cross-presenting DCs in the draining LNs, as well as a higher fraction of DCs able to present OVA in a Th1 and CD8
+ T-cell-promoting context, for a given dose compared with free CpG-B. Notably, it was previously shown that modifications and conjugation of peptides to the 5′ end of CpG had a tendency to decrease their immunostimulatory effect (33, 34) . Our 5′ end conjugation strategy between NP and CpG, which allows the latter to be released in the reductive endosomal environment, did not negatively influence the activity of the bound CpG, which were even more stimulatory when conjugated than their free counterparts. Free NPs have a very moderate adjuvant capacity on their own, as they only trigger a slight up-regulation of CD86 on the surface of DCs in vitro and no secretion of the proinflammatory cytokines IL-12p70, IL-6, and IL-1β (13) . Moreover, by conjugating CpG to NPs, we could use a low dose of CpG to potently activate DCs in the LNs without substantially raising blood levels of the inflammatory cytokines TNF-α, IL-12p70, and IL-6 (Fig. S2) ; thus, the low dose of CpG used on the NP appears to limit toxicity that would be associated with higher doses of free CpG (9, 35) . Vaccination with NP-CpG-B and NP-OVA increased the proportion of CD8 + T cells capable of degranulating and secreting IFN-γ compared with vaccination with soluble CpG-B and NP-OVA. Frequencies of CD4 + T cells secreting both IFN-γ and TNF-α were also increased, which could have enhanced the cytotoxic potential of the CD8 + T cells (29) . Interestingly, at the adjuvant dose used, NP-CpG-B with NP-OVA was the only formulation inducing both CD8
+ and CD4 + T-cell responses. CpG-B administered free induced weaker, but detectable, effector CD8 + T cells, whereas neither CpG-A nor CpG-C, either free or conjugated to NP, were able to induce effector T-cell responses in vivo (Fig. 2) . In this study, we could be at a low-dose limit, where CpG-B, but not CpG-A or CpG-C, benefits from the coinjection of NP-OVA, and even more from the conjugation to NP. Interestingly, NP conjugation allowed low doses (4 μg) of CpG-B to drive potent CTL responses comparable to those elicited by 10-100 μg free CpG-B observed in other studies (4, 5) .
In addition to the induction of effector phenotypes in CD8 + T cells, a successful vaccine has to induce functional CTLs that recognize and kill their antigen-bearing target cell. We show here that the response induced by NP-CpG-B with NP-OVA formulation is effective at delaying the growth of E.G7-OVA cells, thus suggesting the killing of specific tumor cells (Fig. 3 B and C) . On day 21, the levels of antigen-specific CD8 + T cells had diminished, likely under the selective pressure of vaccination as a result of antigenic selection, as well as natural elimination of the OVA plasmid (5, 36) , and thus the tumors started to grow. Together, these results indicate that CD8 + T cells elicited by NP-CpG-B with NP-OVA displayed an enhanced cytotoxic potential. As a consequence, mice could resist a syngeneic tumor challenge longer.
Heterologous prime-boost regimens have been shown to induce long-lived CD8 + T effector memory cells, which are critical for protective immunity, although the mechanism remains largely unknown (37) . Moreover, CpG-A and CpG-B classes have been suggested to exert different functions on naive versus memory
CD8
+ T cells in vitro (38) . To evaluate whether our formulations were inducing different phenotypes of memory CD8 + T cells in vivo, we first primed and boosted mice with NP-OVA with CpG-B to generate a pool of functional memory CTLs, as previously shown in our laboratory (14) . At least 2 mo later, we then evaluated the activation and phenotype of these memory CTLs by the different formulations when coinjected with NP-OVA. Our results show that on memory recall, both NP-CpG-C and NPCpG-B were equally capable of expanding and inducing cytotoxicity in memory CD8 + T cells, but more so than their free CpG counterparts. This enhancement was observable not only in terms of percentage of cells that were degranulating, secreting IFN-γ, or both (Fig. 4 B, D , E, and G), but also in terms of the intensity of the secretion of IFN-γ (Fig. 4 C and F) . This trend was observed both systemically in the spleen (Fig. 4 B-D) and locally in the draining LN (Fig. 4 E and F) . The intensity of IFN-γ secretion has been associated with multifunctional capacity of CTLs and correlated with enhanced effector functions, as these cells are able to act on infected target cells by secreting a combination of effector cytokines or acting directly via ligands (39) . Considering that pathogens can either create local or systemic infections, the observation that NP-CpG-B enhanced both the frequency of effector memory CD8 + T cells as well as their capacity to display a potent cytotoxic phenotype on memory recall, both locally in the draining LN and systemically, suggests that our NP-conjugated formulation might have enhanced protective potential compared with NP-OVA with free CpG.
To demonstrate the cytotoxic phenotype of the CD8 + T cells induced by our memory-recalling formulations, a vaccination regimen that would be relevant in the context of seasonal virus infections, we first challenged mice with 10 6 E.G7-OVA thymoma cells (Fig. 5 B and C) . However, this experimental set-up was not suited to answer our question, as most of the mice, by having been immunized twice with a strong prime-boost regime of NP-OVA with CpG-B, remained tumor-free. We then challenged another set of mice, using a similar schedule, with a more aggressive tumor model (B16-F10-OVA melanoma cells). Tumor growth was mainly dampened in mice whose memory was recalled with NP-CpG-B compared with control, nontreated mice. Strikingly, NP-CpG-C was not as effective in this model and produced an outcome similar to that of free CpG-B and B16-F10-OVA tumor growth was significantly delayed in animals receiving NP-CpG-B compared with naive and memory controls, both in terms of (D) tumor onset and (E) survival. SIINFEKL-MHC-I-specific T cells curves (n = 4 mice) represent median ± 95% confidence interval, and tumor-free curves and survival curves represent Kaplan-Meier survival-curves (n = 5). Statistics are between indicated groups and naive control. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
